SUMMARY To identify mechanisms underlying slow left ventricular filling in coronary artery disease, left ventriculograms from 93 patients and 18 normal subjects were digitised frame by frame and global and regional function analysed. In 54 patients peak normalised filling rates were above the lower 95% confidence limit of normal (2-9s-1) and in 39 they were below. Patients with slow filling had a lower ejection fraction, a higher end systolic volume, and less overall shape index change, although a larger percentage occurred during isovolumic relaxation owing to asynchronous relaxation. Stroke volume was not significantly different. Slow outward wall motion was associated with increased cavity volume and systolic hypokinesis. Wall motion was also appreciably asynchronous, with wide spreads in the times of peak outward velocity and termination of rapid outward movement between regions. Early outward movement usually started in the anterior region, with peak velocity occurring before mitral valve opening, and significantly earlier than that in the apex or the inferior region. Ventricular oscillations occurred during filling in 23 patients. This asynchronous wall movement was unrelated to the distribution of coronary artery disease, systolic hypokinesis, or Q waves on electrocardiograms but was similar to that occurring in mitral stenosis. The main causes of slow left ventricular filling in patients with coronary artery disease appear to be (a) failure to achieve a normal low end systolic volume, with associated loss of physiological changes in left ventricular cavity shape, and (b) incoordinate wall motion dunrng isovolumic relaxation which dissipates energy normally coupled to rapid ventricular filling. The resulting slow and asynchronous wall motion may have clinical implications especially when the time available for left ventricular filling is short.
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A reduced rate of left ventricular filling is one of several diastolic abnormalities seen in patients with ischaemic heart disease. It was shown with cineangiography by Hammermeister and WarbasseI and has been confirmed by radionucide angiography.2 3 Although its cause is not clear, it may be clinically important in limiting exercise tolerance in patients with coronary artery disease. We have thus investigated its mechanisms by using cineangiography to analyse left ventricular diastolic wall motion in detail.
Patients and methods
One hundred and eleven patients who underwent cardiac catheterisation at this hospital for investigation of chest pain were studied. In 88 patients coronary artery disease was confirmed by coronary arterio-WKKH was in receipt of a Croucher Foundation fellowship Accepted for publication 5 July 1983 graphy. Haemodynamics and coronary arteriograms were normal in 18 patients, and these were taken as controls. A further five patients with confirmed previous myocardial infarction and suspected left ventricular aneurysm who underwent left ventriculography only were included in the coronary artery disease group, making a total of 93 patients.
There were 12 men and six women in the control group (age 29-69 years). The coronary artery disease group consisted of 82 men and 11 women (age range 36-69 years); all were in sinus rhythm. Five patients in the control group (normal subjects) and 43 patients in the coronary artery disease group were taking a beta blocking drug at a minimum equivalent dose of 80 mg/day propranolol when angiography was performed. The frequency and location of pronounced Q waves (defined as those with negative deflection of at least 2 mm and duration of at least 40 ms) on electrocardiograms and the pattern of coronary artery involvement were noted.
Mechanisms of reduced left ventricularfilling rate in coronary artery disease Left ventricular angiograms were performed before coronary arteriography in either the 300 RAO or anteroposterior projection with the patient supine. A bolus of 20-40 ml of Urografin 400 was injected at a rate of 15-20 mi/s through a retrograde catheter into the left ventricle with cine film exposed at 50 frames/s. Calibration was performed using a grid at midchest level. No patient had severe mitral reg-urgitation. Only sinus beats were selected for analysis. Ectopic and postectopic beats were not studied.
Coronary angiography was carried out using standard techniques. Multiple views were taken of the coronary arteries, with at least four projections for the left and two projections for the right coronary artery.
ANALYSIS OF ANGIOGRAMS
Left ventricular angiograms were digitised using a Prime 750 computer and a Summagraphics digitiser. 4 The information was stored on disc for further calculations. Mitral valve opening was taken as the time of first appearance of unopacified blood in the left ventricle. Cavity area was calculated by numerical integration and plotted throughout the cardiac cycle. Volume estimates were derived from area5 and were used to calculate ejection fractions and filling rates. A three point moving average filter was applied. Left ventricular shape index6 was calculated and overall changes for the whole cardiac cycle, as well as those during the isovolumic relaxation period-the interval between the time of minimum cavity area and mitral valve opening were noted.
For the purpose of regional wall motion analysis the end diastolic left ventricular outline was divided into 40 equally spaced points starting from the border of the aortic root adjacent to the mitral valve, and proceeding in an anticlockwise direction. From each, the nearest point on the end systolic frame was sought, and along the line thus defined endocardial position in each cine frame was measured and expressed in mm from its end diastolic position. The resulting 40 plots of wall movement against time were displayed either stacked obliquely, as an isometric display with superimposed isochrones to represent the timing of successive cine frames, or as a contour map, in which each contour represents inward movement of the endocardium by 1 mm from its end diastolic position. On both displays the times of minimum cavity area and mitral valve opening were marked. The left ventricular endocardial outline was divided into three regions, inferior, apical, and anterior, corresponding to segments 1-14, 15-24, and 25-40 respectively from the 40 points on the diastolic frame. Separate plots of wall motion and its rate of change were obtained from the midpoint of the three regions and the following measurements made for each:
(1) Systolic function was measured as the overall amplitude of inward movement in the three regions during the interval between end diastole and minimum cavity area. It was classified as normal or reduced if it was below the lower 95% confidence limit of normal for the region in question.
(2) Peak velocity of outward wall movement and timing of its occurrence after mitral valve opening. If peak velocity occurred before mitral valve opening the time was expressed as a negative value. The time interval from the earliest to the latest occurrence of peak velocity in the three regions, the spread, was also determined.
(3) Rapid outward wall movement was taken as having ended when its velocity had dropped to less than 3 cm/s. The time when this occurred for each region and its spread between regions were noted.
(4) Segmental wall movement was assessed from isometric and contour plots.78 The following specific abnormalities during diastole were sought: (a) inward movement of more than 2 mm or outward movement of more than 6 mm involving four or more consecutive segments during isovolumic relaxation; movement of this sort represents an abnormal change in cavity shape during isovolumic relaxation; (b) inward wall movement of more then 2 mm after mitral valve opening-that is, during the period of ventricular filling8; this was taken as evidence of an oscillation of the ventricular cavity.
Comparisons were made between the three different regions of the ventricle and also between controls and patients with coronary artery disease.
STATISTICAL METHOD
Results were analysed using Student's t test, the Mann-Whitney U test, x2 test, or Fisher's exact probability test, as appropriate.
Results

CONTROLS
Overallfunction (Table 1) The mean values for heart rate, ejection fraction, peak diastolic filling rate, end diastolic volume, peak filling rate normalised to unit end diastolic volume, time of peak filling, overall shape index change, shape index increase during filling, and the percentage of overall shape index change during isovolumic relaxation were all within previously published normal limits.8 9 Correlation between stroke volume and peak filling rate was close (r=0-94), although this was not present when normalised filling rate was considered.
Regionalfunction (Table 2) Peak velocities of outward movement for the three regions were again similar to previously published values, and there was no significant difference be- tween the values for the three regions. Outward wall motion was synchronous. It usually started before, but peak velocities were always achieved after, mitral valve opening with the exception of the inferior region in one control. This uniformity was reflected by the narrow spread of around 40 ms both in the timing of occurrence of peak outward velocity and termination of rapid outward movement in the three regions. No abnormal segmental wall movement was detected in any of the controls.
Itgquence of beta blockade No significant difference could be shown between the five controls who were taking a beta blocking drug, and the remaining 13 with respect to any measurement made in this study. Of the affected vessels, 59 were occluded; severe stenoses were present in 91, and a 50-700/o stenosis in a further 44. Sixty-eight vessels had a stenosis of 50% or were normal. Q waves were absent in 45 patients and were present in 46; of the latter, 13 were anterior, 23 inferior, and three lateral, and in seven both anterior and inferior leads were involved. Reduced amplitude of systolic wall motion was present in the anterior region in 11 patients, the apex in 35, and the inferior region in 35.
Overall function (Table 1) The peak diastolic filling rate was significantly lower than normal whether expressed in absolute terms or normalised to unit end diastolic volume. The time of peak filling from mitral valve opening was not, however, different from normal. Overall shape index change during the cardiac cycle was less than normal, as was the shape index increase during filling. As has previously been reported, there was close correlation between ejection fraction and end systolic volume (r=0-91); that between peak filling rate and stroke volume (0*63) was significantly less than in the controls. Correlation was absent between stroke volume and normalised filling rate (r=0*11). Although heart rate was significantly higher than in normal subjects, the only variable measured in the present study with which it correlated was one whose values did not differ significantly between controls and patients with ischaemic heart disease, the time to peak filling, where the correlation coefficient was -0-31. In the remainder of the variables measured there was no significant correlation with heart rate (correlation coefficients between -0*18 and +0*095).
Regional function (Table 2) Peak velocity of outward movement of the anterior region was normal while that of the apex and inferior region were reduced. When the three regions themselves were compared, the velocity in the anterior region was again greater (p<0*002 v apical and p<0-001 v inferior region). Not surprisingly, the peak velocity of outward wall motion was reduced in regions showing systolic hypokinesis. For the anterior region, the mean (SD) velocities were 11±+4 cm/s for those regions with normal systolic function as against 5-+±2 for those in which it was depressed (p<0.001). For the apex, the corresponding figures were 10+5 and 5+3 cm/s (p<0-001), and for the inferior wall 9+4 and 6+3 cm/s (p<0-001). When the amplitude of systolic wall motion was maintained, therefore, regional outward velocities did not differ significantly from nor-Mechanisms of reduced left ventricularfiUing rate in coronary artery disease mal in patients with coronary artery disease in the anterior region and at the apex, but they were still signifcantly reduced inferiorly (p<O01). The times of occurrence of peak outward velocity and termination of rapid outward movement in the three regions were not only different from normal but also from region to region. Outward movement in the anterior region frequently preceded that in the other two regions, and in 32 patients this was reached before mitral valve opening occurred. The differences in timing of occurrence of peak outward velocity between the anterior and the other two regions were statistically significant (p<0O001 for both). These regional differences tended to persist throughout diastole so that termination of rapid outward movement also occurred earlier in the anterior region, although for this event a significant difference was shown only between the anterior and inferior regions (p<001).
Further manifestations of asynchronous diastolic wall motion included a much greater spread in the timing of the occurrence of peak outward velocity and termination of rapid outward movement in comparison with normal (p<0-001 for both). None of these aspects of regional asynchrony was affected by the presence of systolic hypokinesis. Abnormal wall motion during isovolumic relaxation was present in 18 patients (Table 3 , Fig. 1 ). Its pattern was similar to that described elsewhere.7
Venticular oscillations (Table 3) Abnormal inward wall movement during filling by 2 mm or more was commonly observed (Fig. 2) . It was usually accompanied by compensatory outward movement in another region giving rise to an oscillation involving the ventricle. This occurred in 23 patients, with two patients having oscillations in two regions. In patients with oscillations the timing of peak outward velocity in the segment moving inward initially was delayed to 63±+38 ms with respect to mitral valve opening against 46±30 ms for those without (p<005). In all of these patients at least one region reached a peak outward velocity of 8 cm/s or more. The spread of both peak and termination of rapid outward movement was significantly greater in those with oscillations (mean (SD) 128±+57 ms and 134±65 ms) than in those without (mean (SD) 98±65 ms and 97+66 ms, p<005 for both). Stratfication byfilling rate (Tables 4 and 5) To identify factors associated with slow filling patients with normalised filling rates above and below the lower 95% confidence limit of normal were studied separately.
Normal filling rate was present in 54 patients. Absolute filling rate was slightly reduced, but shape index changes in these patients were almost identical Peak normalised filling rate was reduced in 39 patients. These values differed significantly from those in patients whose filling rate was normal in that ejection fraction was lower, end diastolic volume higher, and peak filling occurred earlier. End systolic volume was about twice that of normal, so that it was significantly greater than that in patients with coronary artery disease who had normal filling rates, while stroke volume was not significantly different. Although overall shape index changes were less, the proportion of overall change during isovolumic relaxation was increased. Peak outward velocity was decreased in all three regions, particularly when systolic hypokinesis was present, and peak velocity was reached even earlier in the anterior region. The time spread for the occurrence of peak and end of rapid outward wall motion were both more than 120 ms, indicating that the degree of incoordination was much greater than in the patients in whom the filling rate was normal. These time relations were unaffected by the presence of systolic hypokinesis.
Other factors Distribution of coronary artery disease-No relation
could be found between the distribution of coronary artery disease and filling rate nor indeed any aspect of diastolic wall motion. In particular, the characteristic pattern of early movement of the anterior wall was Hui, Gibson unaffected: There was no difference in the pattern of coronary artery disease between the 32 patients whose anterior region reached peak outward velocity before mitral valve opening and the 34 in whom anterior peak outward velocity occurred not only after mitral valve opening but also later than either or both of the other two regions.
Association with Q waves-No association between diastolic wall motion and the presence or distribution of Q waves was found.
Effect of beta blockade-Comparison of results in patients taking and not taking beta blocking drugs showed a slightly higher ejection fraction in those taking a beta blocking drug. This was not considered to be a therapeutic effect but to reflect prescribing habits, in that such drugs were used more sparingly in those patients whose left ventricular function was significantly depressed. Associated with a lower ejection fraction in the untreated patients were a higher end diastolic volume, lower velocities of outward wall motion, and reduced shape index changes. When patients with low ejection fractions were excluded from the untreated group, however, those remaining were found to be no different from the treated group no matter whether overall or regional function was compared. Thus, as in the case of the controls, beta blockade seemed to have no effect on overall filling or regional wall motion. 
Discussion
Contrast angiography has advantages for studying left ventricular wall motion during filling in patients with coronary artery disease. Its lateral resolution is greatly superior to that of cross sectional echocardiography or nuclear angiography, and unlike the latter method it is possible to time the onset of mitral valve opening, so that events during isovolumic relaxation can be distinguished from those during filling. Values recorded during early diastole. The normal pattern of wall motion during this period is synchronous, with no more than 40 ms between the timing of the peak or the end of outward motion between different regions of the cavity. The whole period of rapid outward motion ends within 100 ms of mitral valve opening. This value is probably of no great physiological importance at rest, but during exercise it corresponds almost exactly with the 100-120 ms available for filling as measured from the duration of mitral valve opening in healthy subjects."l The commonest abnormality of filling in patients with coronary artery disease was loss of the normal synchronous pattern of wall motion. This could be quantified as an increase in the spread of the timing of occurrence both of peak outward motion and the end of rapid filling between the three regions of the cavity. Both time intervals were increased from about 40 ms in controls to a mean of 105 ms in patients with coronary artery disease. When identified in this way, values outside the 95% confidence limits of normal were seen in 52 (56%) patients. In addition, this disturbance to wall motion was not random, but the anterior wall moved outward in advance of the apical and inferior regions. This pattern was consistently seen and was unaffected by beta blockade, the distribution of coronary artery lesions, or Q waves on the electrocardiogram. Incoordinate wall motion during filling was present even in patients whose ejection fraction was greater than 600/o or whose peak filling rate was identical with normal. Incoordinate wall motion during ventricular filling is thus a common disturbance in patients with coronary artery disease.
A second and rather less common finding was a reduction in the peak rate of ventricular filling with values below the lower 95% confidence limit of normal in 400/o of the patients. This value is similar to that reported by Reduto et al.,2 using first pass nuclear angiography, but less than that of Bonow et al. 3 based on gated scans. To study the associations of slow ventricular filling in more detail, patients with values below the 95% confidence limit were compared with those in whom the filling rate was normal. A slow filling rate was associated with a reduced ejection frac- Fig. 2(b) with Fig. 3(b) , both from patients with right coronary artery disease and inferior hypokinesis during systole, with reference to the filling pattern in a normal subHui, Gibson ject shown in Fig. 3(a) . In Fig. 2(b) , a change in cavity shape during isovolumic relaxation caused almost complete disruption of the pattern of filling around the entire cavity outline, whereas in Fig. 3(b) , in which there is no isovolumic shape change, wall motion, though absent inferiorly, is virtually normal elsewhere. Finally, as in mitral stenosis, slow filling is associated with oscillations of the ventricular wall which are characterised by simultaneous inward and outward movement of endocardium in different regions of the cavity, at a frequency of 3-4 Hz. This particular type of wall motion abnormality has received little attention in published reports, although its presence has previously been invoked to explain changes in diastolic events with drugs or other manoeuvres.'4 A series of diastolic disturbances can thus be shown in patients with coronary artery disease. The dominant factor predisposing to slow filling appeared to be failure to achieve the normal iow end systolic volume, so that the physiological changes in cavity shape underlying normal filling did not occur. Superimposed are the effects of asynchronous relaxation. These further impair diastolic function by allowing outward motion of endocardium before mitral valve opening and so dissipate restoring forces normally coupled to rapid filling. Reduced stroke volume or ejection fraction do not appear to be primary determinants, whereas slow and incoordinate outward wall motion during filling and ventricular oscillations are likely to be secondary effects of an increased cavity size and reduced filling rate.
With this information, it is possible to assess the position of slow filling within the whole series of disturbances of diastolic function seen in patients with coronary artery disease. Reduction in ejection fraction in patients with coronary artery disease is strongly correlated with loss of normal shape index changes6 and thus with impaired filling. Shape changes may be compromised,6 however, and disturbances of isovolumic relaxation may appear7 when ejection fraction is still maintained, suggesting that abnormalities of diastolic function may be more sensitive indicators of ventricular disease. Abnormal ventricular compliance has frequently been reported in patients with coronary artery disease,5-17 but is is unlikely to be the cause of slow filling. Peak filling occurs within 100 ms of mitral valve opening, when ventricular pressure is still falling, whereas the simple elastic behaviour implicit in the term compliance is evident only late in diastole. Correlation between impaired compliance would not, however, be unexpected since if shape changes are reduced the extent of myocardial distension and thus the increase in diastolic pressure required to accommodate a given stroke volume will be increased. Superimposed on these effects are those of incoordinate wall motion, whose pattern was inde-Mechanisms of reduced left ventricularfilling rate in coronary artery disease pendent of any direct manifestations of the coronary artery disease itself. Normal outward wall motion during filling is largely determined by rapid myocardial thinning. Rapid thinning can be dissociated from filling during incoordinate relaxation in patients with coronary artery disease'3 and so is likely to be energised by elastic forces generated during the previous systole. Its extent varies with position in the cavity,'8 being maximum in the mid-portion of the free wall. We suggest that these normal regional differences in function are the basis of the incoordinate wall motion seen during filling in patients with coronary artery disease, since a similar sequence of the anterior wall preceding the apex and inferior wall is seen in mitral stenosis8 and in non-rheumatic mitral regurgitation. 19 The incoordinate filling in patients with ischaemic heart disease is thus not the direct effect of regional ischaemia, necrosis, or scarring but results from unmasking of the usually unobtrusive mechanisms responsible for synchronous filling in normal subjects. From their multifactorial origin it seems likely that the extent of these diastolic disturbances will vary from case to case, and their response to pharmacological intervention will be variable. Since they are not related to acute ischaemia they may be expected to persist after successful bypass grafting, when their presence may contribute appreciably to the limitation of exercise tolerance. Their further investigation may well provide a useful field of future endeavour.
